Oleamide (cis-9-octadecenamide) is the prototype member of an emerging class of lipid-signaling molecules collectively known as the primary fatty acid amides. Current evidence suggests that oleamide participates in the biochemical mechanisms underlying the drive to sleep, thermoregulation and antinociception.
primary fatty acid amides (1) . Naturally occurring oleamide was first reported in 1989 as one of five primary fatty acid amides present in human serum (2) .
Subsequently oleamide was shown to accumulate in the cerebrospinal fluid of sleepdeprived cats and to produce a profound sleep-like state when administered to rodents (3, 4, 5) . These findings led to the proposal that oleamide directly contributes to the biochemical mechanisms underlying the drive to sleep (3, 4, 5) . More recently, oleamide was reported to modulate cellular responses of serotonin receptors (6) and gap junctions (7, 8) .
Additional physiologic responses to oleamide administration include hypothermia (5, 9, 10) and antinociception (9) . Accordingly, it now appears that oleamide may participate in the mechanisms of temperature regulation and pain sensing, as well as sleep.
Despite the potential importance of oleamide in the genesis of sleep and other physiologic processes, the biochemical pathway for its synthesis has not been established. In 1996 Sugiura and coworkers reported that subcellular fractions of rat brain supported oleamide synthesis from radiolabeled oleic acid and ammonia (11) . While the activity was shown to be heat labile, no identification of the factor(s) was reported. Subsequently, Bisogno et al. demonstrated the synthesis of oleamide by cultured mouse neuroblastoma N 18 TG 2 cells and found that the activity was associated with a crude membrane fraction but, again, no definitive identification was reported (12) . In this case, however, inhibitors of fatty acid amide hydrolase (FAAH) were found to significantly reduce oleamide synthesis. Accordingly, the authors proposed that the oleamide synthetic activity could be due to an FAAH-like enzyme working in reverse. FAAH is considered the main catabolic mechanism for the inactivation of fatty acid amides including oleamide and the endogenous cannabinoid, anandamide (13) .
In 1996 Merkler and colleagues demonstrated that peptidylglycine-α-amidating monooxygenase (PAM) is capable of catalyzing the synthesis of primary fatty acid amides from fatty N-acylglycines (14) in a manner analogous to its essential role in the generation of biologically active amidated peptide messengers (15) . More recently, this group has reported on the PAMdependent synthesis of oleamide from oleic acid in N 18 TG 2 neuroblastoma cells with evidence of oleoylglycine as an intermediate (16) . While these data provide evidence for the roles of oleoylglycine and PAM in oleamide biosynthesis, data from whole animal studies are lacking. In this regard, we recently reported that administration of N-oleoylglycine produced profound physiologic changes in rodents, yet failed to significantly alter serum levels of oleamide as measured by enzyme-linked immunosorbent assay (17) .
Because fatty acids are universally activated as their coenzyme A (CoA) derivatives (18), we hypothesized the oleoyl CoA was the immediate precursor of oleamide. Using oleoyl CoA as substrate to screen for oleamide synthesizing activity, we report here the discovery of an oleamide synthetase in ammonium sulfate fractions of rat liver extract and further characterization of this activity from rat kidney, a more abundant source. The activity was found to be stable to heat denaturation and limited exposure to proteolytic enzymes. Ammonium ion was required for oleamide synthesis and the reaction was significantly enhanced by hydrogen peroxide. The activity displayed a physiologic temperature and pH optimum, specificity for long-chain acyl CoA substrates and a K m for oleoyl CoA of 21 uM. Proteomic, biochemical and immunologic analyses were used to definitively identify the source of the oleamide synthase activity as cytochrome c.
EXPERIMENTAL PROCEDURES
Radiochemicals ─ [1- 14 C]Oleamide (50.5 mCi/mmol) was prepared as a custom synthesis by New England Nuclear Life Science Products, Boston, MA and repurified for use in-house by reverse phase HPLC as described below. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]Oleoyl CoA (53 mCi/mmol) was purchased from GE Healthcare (Amersham), Piscataway, NJ.
Preparation of Tissue Extract ─ Tissues collected from adult female Sprague-Dawley rats (Taconic Farms, Germantown, NY) following CO 2 euthanasia were rinsed in phosphate buffered saline, snap-frozen on dry ice and stored at -80 o C until processed further. All manipulations were carried out at 4 o C unless otherwise indicated. Tissue extracts were prepared in 5 volumes (gm/mL) of homogenization buffer (70 mM Tris, pH 7.4, 170 mM KCl, 2 mM EDTA) as follows: Coarsely minced tissue was processed by Polytron (Brinkman Instruments, Rexdale, Ont., Canada) for 20 sec at power setting 6 followed by glass/Teflon homogenization (five up and down strokes). The crude homogenate was centrifuged at 17,000 x g for 20 min. The supernatant was collected and centrifuged at 100,000 x g for 60 min. The clear high-speed supernatant was used for ammonium sulfate fraction, described below, or heat denaturation as follows: Ten mL aliquots of the high speed supernatant were placed in 16 x 150 mm glass tubes, immersed in a boiling water bath for 5 min and then chilled on ice. The resulting precipitate was removed by centrifugation at 100,000 x g for 30 min, and the supernatant collected and stored at -80 o C. Protein concentrations were estimated by BCA assay (Pierce Chemical Co., Rockford, IL) using bovine serum albumin as standard.
Ammonium Sulfate Fractionation ─ The 100,000 x g supernatant of rat liver supernatant was fractionated with ammonium sulfate by the addition of a 100% saturated solution (prepared in water, pH adjusted to 7.0 with ammonium hydroxide) in volumes determined to give the desired final percent saturation. The solutions were maintained at 4 o C with periodic mixing for 20 min. The resulting precipitate was removed by centrifugation at 16,000 x g for 15 min and the supernatant stored at -80 o C. Reverse Phase HPLC ─ Chromatography for both protein and lipid separations was performed at a flow rate of 1 mL/min using a series 1100 HPLC (Agilent Technologies, Wilmington, DE) and 4.6 x 250 mm Luna 5µ C 18 columns (Phenomenex, Torrance, CA). For protein chromatography the system was operated at ambient temperature and column was equilibrated with 97.5% solvent A (0.1% TFA and 2.5% acetonitrile in water) and 2.5% solvent B (0.08% TFA in acetonitrile). Following sample injection, initial conditions were maintained for 5 min followed by a linear gradient to 92.5% B over 22.5 min. The system was maintained at 92.5% B for 2.5 min and then returned to initial conditions. Lipid chromatography was performed at an operating temperature of 45 o C. Samples and standards were solubilized in ethanol for injection. The column was equilibrated with 50% water / acetonitrile. Upon sample injection a linear gradient was developed over the next 10 min to acetonitrile. The system was maintained at 100% acetonitrile for 10 min and returned to initial conditions over 5 min. Elution profiles were monitored at 280 nm and 214 nm and, additionally for lipids, at 205 nm. Fractions were collected manually and dried either by lyophilization or under a gentle stream of nitrogen.
Assay for Oleamide Synthesizing Activity and Thin Layer Chromatography (TLC) ─ Assays for oleamide synthesis were performed in 1.7 mL polypropylene microcentrifuge tubes in a total reaction volume of 100 uL containing 5 uL of 1 M Tris, pH 7.4, the desired amount of NH 4 Protein Identification by Peptide Mass Fingerprinting ─ Protein identifications were assigned on the basis of peptide mass fingerprinting performed as described previously (19) .
Briefly, protein bands stained with Coomassie Blue G-250 were excised from the gel, destained, equilibrated with ammonium bicarbonate buffer, reduced and alkylated, and digested overnight at 37 o C with TPCK-modified sequence-grade trypsin (Boehringer-Mannheim, Mannheim, Germany). Peptides were extracted and lyophilized to dryness.
Digests were resolubilized in α-cyanohydroxycinnamic acid matrix (Sigma-Aldrich) prepared at 10 mg/mL in 50% acetonitrile/0.1% TFA, and spotted together with 50 fmol bradykinin and 150 fmol adrenocorticotropic hormone fragment 18-39 as internal calibrants. The peptide mass data were used to query the NCBI rodent protein sequence database accessed through ProteinProspector MSFit search engine (Http://prospector.ucsf.edu) (20) .
Palmitoyl CoA Affinity Chromatography ─ A 300 uL aliquot of 50% slurry of palmitoyl CoA agarose resin (Sigma, St. Louis, MO) was placed in a 1.7 mL polypropylene microcentrifuge tube and washed three times with an equal volume of 10 mM Tris, pH 7.4 by vortexing and centrifugation. Lyophilized samples of HPLCpurified rat kidney oleamide synthesizing activity were routinely reconstituted 10 mM Tris, pH 7.4 to a protein concentration of 200 ug/mL. A 220 uL aliquot of this preparation, containing 44 ug total protein, was treated with thermolysin (500 ng in 5 uL) for 30 min at 37 o C. The digestion was stopped with the addition phosphoramidon (5 uL of 30 uM stock in water), and aliquots of the digest were set aside for enzymatic assay and western blotting. The remainder (170 uL) was applied to the washed affinity resin and incubated on ice for 2 h with intermittent mixing. Following centrifugation, the supernatant was collected, and the resin washed five times with 300 uL of 10 mM Tris, pH 7.4. The resin was eluted with 170 uL of 666 mM NaCl in 50% methanol/10 mM Tris, pH 7.4 and intermittent vortexing over 15 min at room temperature. The eluate was separated from the resin by centrifugation and collected. Aliquots of the eluate were lyophilized and reconstituted with 10 mM Tris, pH 7.4 for activity measurements and immunoblot analysis.
Western Blotting ─ Proteins resolved by PAGE (described above) were transferred to Hybond-P PVDF membrane (Amersham Biosciences, Piscataway, NJ) using 15% methanol in transfer buffer (25 mM Bicine, 25 mM Bis-Tris and 1 mM EDTA). Membranes were blocked with 5% nonfat dry milk in 50 mM Tris, pH 7.6, 0.8% NaCl and 0.1% Tween-20 (Tris-buffered saline with Tween-20, TBS-T) for 1 h at room temperature. Membranes were then incubated overnight at 4 o C with mouse anti-cytochrome c monoclonal antibody (BD Biosciences Pharmigen, San Diego, CA) diluted 1:1,000 in blocking buffer. This antibody recognizes denatured cytochrome c from human, rat, mouse, horse and pigeon. Following extensive washing with TBS-T, membranes were incubated for 1.5 h at room temperature in sheep anti-mouse IgG horseradish peroxidase conjugate (Amersham Biosciences) diluted 1:10,000 in blocking buffer. Membranes were washed extensively with TBS-T and the immunoreactive bands were visualized by enhanced chemiluminescence (ECL plus Western Blotting Detection System, Amersham Biosciences). o C prior to assay resulted in a small increase in oleamide synthesizing activity with a concomitant decrease in other reaction products (visualized in the lower one-third of the TLC plate). A time course performed with the heat-treated 95% saturated ammonium sulfate fraction (Fig. 1, panel B ) demonstrated maximum oleamide synthesis by approximately 10 min.
RESULTS

Detection of Oleamide Synthesizing
Further investigation revealed that ammonium chloride could be effectively substituted for ammonium sulfate in producing oleamide synthetic activity in the absence of the profound protein precipitation resulting from ammonium sulfate.
Heating, however, consistently increased the putative oleamide signal and was therefore incorporated as a step in the routine preparation of extracts. A preliminary analysis of the tissue distribution of oleamide synthetic activity revealed higher levels in kidney as compared to liver, brain, muscle or adipose tissue. Accordingly, all subsequent work was carried out using rat kidney.
Initial Characterization of Oleamide Synthesizing Activity ─ Early in this investigation it was observed that oleamide synthesizing activity in heated kidney extract could be purified and concentrated by reverse phase HPLC (see "Experimental Procedures" for details). Accordingly, this step was incorporated into the sample preparation for all subsequent experiments. An analysis of the temperature dependence for the oleamide synthesizing activity revealed an optimum between 35 o C and 50 o C, and all subsequent analyses were therefore performed at 37 o C. Figure 2 presents data further characterizing the HPLC-purified oleamide synthesizing activity from rat kidney. It is evident that the generation of oleamide product was dependent upon the presence of tissue protein (lane 2) and ammonium ion (lane 4) at neutral pH (lane 5). Additionally, the reaction required oleoyl CoA as substrate and did not utilize oleic acid (lane 8). Unexpectedly, the activity survived treatment with two proteolytic enzymes, thermolysin and trypsin (lanes 6 and 7). In fact, pre-treatment with these proteases consistently increased the oleamide synthetic activity in partially purified samples. Similar treatment with other proteolytic enzymes (chymotrypsin, endoproteinase glu-C, and elastase), neither increased nor decreased oleamide synthesizing activity.
Verification of Oleamide as the Reaction Product ─ The authenticity of the putative oleamide product was established by mass spectral analysis. Reaction product was purified by reverse phase HPLC from a large-scale synthesis using non-radioactive oleoyl CoA (Fig. 3, panel A) . The fraction eluting with the retention time of oleamide standard (16.3 min) was collected, dried, reconstituted with gentisic acid matrix and analyzed by MALDI-TOF MS (Fig. 3, panel B) . The most prominent peak in the spectrum at m/z 282.5 is the correct mass for oleamide ( (Fig. 3 , panel C, lane 4). The authenticity of the oleamide enzymatic product was further confirmed using an alternate TLC solvent system (data not shown; see "Experimental Procedures" for details). These results provide strong evidence that oleamide is indeed a product of the reaction of oleoyl CoA, ammonium ion and a tissue-derived catalytic factor. Identification of the Oleamide Synthesizing Activity as Cytochrome c ─ The stability of the catalytic activity to proteolytic digestion provided a means to reduce the complexity of the sample and identify the activity as cytochrome c. The HPLC-purified activity was digested with thermolysin and re-chromatographed using the same HPLC conditions. As shown in Figure 4 , panel A, the fraction containing the greatest activity eluted at 17.5 to 18.0 min (fraction 7), and was separated from the majority of the protein which eluted earlier in the profile as visualized by silver stained SDS PAGE analysis (Fig. 4, panel B) . Inspection of lanes 6 and 7 revealed that only one protein band coordinately correlated more intense silver staining with increased activity between fractions 6 and 7 (band II). Identification of the four bands in lanes 6 and 7 indicated by arrows was accomplished by peptide mass fingerprinting using in-gel tryptic digestion and MALDI-TOF MS analysis. Table 1 summarizes these data with the identification of band II as somatic cytochrome c. Bands I, III and IV were identified as superoxide dismutase, acylCoA binding protein and ubiquitin, respectively. These identities were further confirmed by electrospray and time-of-flight tandem mass spectrometry.
Oleamide Synthesizing Activity and Cytochrome c Immunoreactivity are Coincident Through Palmitoyl CoA Affinity Chromatography ─ To further characterize the oleamide synthesizing activity from rat kidney extract, affinity chromatography was performed using palmitoyl CoA agarose resin. In the absence of an oleoyl CoA affinity resin, we reasoned that the catalytic activity might interact with the closely related palmitoyl CoA affinity resin, which was commercially available.
Activity assays for oleamide synthesis and western blot analysis for cytochrome c (Fig. 4 , panels C and D, respectively) were used to demonstrate that the catalytic activity and immunoreactive cytochrome c, indeed, partitioned in a parallel manner through palmitoyl CoA affinity chromatography. Eightynine percent of the total applied catalytic activity adsorbed to the resin and seventy-two percent of this was recovered in the resin eluate (lane 4). Eleven percent of the applied activity was not retained by the resin (lane 5). The immunoblot analysis of these same fractions (Fig. 4, panel D) showed that the signal intensity for cytochrome c closely paralleled the oleamide synthesizing activity of the samples. The characteristic increase in catalytic activity and modest reduction in immunoreactivity following thermolysin treatment is evident by comparing lanes 2 and 3. Similar experiments that examined HPLC fractions, such as those presented in panel A of Figure 4 , also demonstrated a precise correlation between cytochrome c immunoreactivity and oleamide synthesizing activity (not shown). These data strongly support the conclusion that cytochrome c is the oleamide synthesizing activity in rat kidney extract.
Oleamide Synthesizing Characteristics of Cytochrome c are Identical to Those of Rat Kidney Activity ─ Figure 5A presents data characterizing the oleamide synthesizing activity of commercially obtained rat cytochrome c. The conditions employed replicated those presented in Figure 2 for the rat kidney extract. The catalytic properties of commercially prepared cytochrome c precisely paralleled those for rat kidney extract with respect to ammonium ion requirement, lack of reactivity at low pH, resistance to proteolysis and requirement for CoA derivative of oleic acid as substrate.
Additionally, commercial rat cytochrome c was stable upon heating and HPLC purification, both of which were used to prepare oleamide synthesizing activity from rat kidney.
Oleamide Synthesizing Activity has Specificity for Longer Chain Acyl CoA Substrates ─ A substrate specificity study was conducted using varying chain length acyl-CoAs as competing substrates against [
14 C]oleoyl CoA. It is evident from the data presented in Figure 5B that acyl-CoAs with chain lengths of 8 carbons or less had little effect on oleamide synthesis. Decanoyl and lauroyl CoAs had an intermediate effect, and acyl CoAs with chain lengths greater than 12 carbons had significant and essentially equipotent effects in reducing oleamide synthesis. The activity from rat kidney extract and commercially obtained rat cytochrome c displayed similar patterns with respect to substrate specificity in this competition assay. MALDI-TOF MS was used to confirm that in fact myristamide, palmitamide and stearamide were generated from their respective CoA substrates by cytochrome c (data not shown).
Oleamide Synthesizing Activity Exhibits an Optimum for Ammonium Ion Concentration ─ Figure 6A presents the dose response effect of ammonium ion concentration on oleamide synthesizing activity. A bell-shaped profile was observed with an optimum ammonium ion concentration of 125 mM for both rat kidney extract and commercial cytochrome c. At the lowest ammonium ion concentration, 12.5 mM, oleamide synthesis proceeded at 40% of maximum for both the kidney extract and commercial cytochrome c.
pH Optimum for Oleamide Biosynthesis ─ Preliminary experiments revealed that conversion of oleoyl CoA to oleamide can occur both enzymatically, at neutral pH, and also chemically, at high pH. The experiment presented in Figure  6B was designed to assess the formation of oleamide by both mechanisms.
The data demonstrate the effects of pH on the formation of oleamide from oleoyl CoA and ammonium ion using HPLC-purified rat kidney extract (solid by guest on November 19, 2017 http://www.jbc.org/ line). A similar pattern of response was observed with commercial cytochrome c (not shown). The reaction was clearly affected by pH and displayed an optimum of approximately pH 7.5 for the enzymatic synthesis of oleamide. Chemical formation of oleamide that occurred in the absence of kidney extract or cytochrome c protein (Fig. 6B , dashed line) was minimally evident at pH 7.0 and increased as the pH was raised to pH 9.5. This effect is most likely due to a pH-driven shift in the equilibrium between ammonia and ammonium ion concentrations.
Hydrogen Peroxide is a Co-factor for Oleamide Synthesis ─ Figure 7A presents the effect of exogenously added H 2 O 2 on the time course for oleamide synthesis by rat kidney extract and commercial cytochrome c. The addition of 1 mM H 2 O 2 to the reaction mix significantly increased the reactivity of both protein sources. This finding suggested that H 2 O 2 was a required component of the reaction mechanism and that sufficient H 2 O 2 was present in our stock reagents to minimally sustain enzymatic activity. To investigate this question, the reaction mix containing all components except protein was incubated with catalase prior to the addition of protein sample. This pre-treatment abolished basal enzymatic activity which was subsequently regained with the addition of H 2 O 2 . As shown in Figure 7B , the reactivity of commercial cytochrome c increased in a dose dependent manner with the addition of H 2 O 2 to a maximum of approximately 1-2 mM. Concentrations of H 2 O 2 above 2 mM reduced activity in a manner similar to NH 4 Cl at high concentrations. Furthermore, H 2 O 2 was found to have a profound effect on the kinetic properties of enzymatic oleamide synthesis. Figure 7C presents Both kinetic analyses demonstrated a lag phase at low substrate concentration suggestive of cooperativity. The K m for the reaction was confirmed using highly purified cytochrome c which was prepared in-house as a single peak isolated on HPLC from commercially obtained protein (>95% purity initially). It should be noted that H 2 O 2 had no effect on the optimal ammonium concentration for the enzymatic reaction or on the chemical synthesis of oleamide at high pH in the absence of protein. Additionally, the qualitative pattern of substrate specificity for long-chain acyl CoAs was not affected by the addition H 2 O 2 .
Oleamide Synthesizing Activity by Other Heme-Containing Proteins ─ Figure 8 presents activity data comparing rat cytochrome c to bovine hemoglobin and equine myoglobin. Hemoglobin and myoglobin exhibited <50% of basal oleamide synthesis expressed by cytochrome c in the absence of exogenous H 2 O 2 . Moreover, the activity of cytochrome c increased >16-fold with the addition of 0.5 mM H 2 O 2 , whereas the activities of the other two heme proteins were essentially unaffected. Therefore, the ability of cytochrome c to robustly catalyze the synthesis of oleamide is not shared by hemoglobin and myoglobin. However, the heme iron of cytochrome is essential for activity as demonstrated by treatment with the iron chelator deferoxamine.
Following incubation with deferoxamine, oleamide synthesizing activity was reduced to 3% of control values.
DISCUSSION
Discovery of cytochrome c as an oleamide synthase was dependent on several distinctive features of the protein and specific conditions involved in the sample preparation and subsequent analysis. The presence of cytochrome c in our soluble tissue extracts most likely resulted from hypotonic mitochondrial lysis during the initial tissue processing steps. The ability of ammonia to serve as a nitrogen donor was revealed by its incidental incorporation from an ammonium sulfate fractionation scheme. The remarkable stability of the oleamide synthase preserved its enzymatic activity though heat treatment, reverse phase HPLC, and proteolytic digestion, thus permitting purification of the activity to near homogeneity. Importantly, the stability of oleamide synthase provided the means for eliminating high levels of acyl CoA thioesterase activity which otherwise rapidly degraded the oleoyl CoA substrate. Proteolytic digestion with thermolysin resulted in a significant increase in oleamide synthetic activity, presumably due to the removal of proteins that form inactivating complexes with cytochrome c and/or long chain fatty acyl CoAs. In this latter regard, it may be significant that long chain fatty acyl CoA binding protein co-purified and concentrated with oleamide synthase activity through the purification scheme.
The synthesis of oleamide by cytochrome c displays physiologic pH and temperature optima and a K m for oleoyl CoA substrate (21 uM) which is consistent with the K m for oleoyl CoA in other enzymatic systems including carnitine palmitoyltransferase (21), glycerol-3-phosphate acyltransferase (22,23), 1-acylglycerophosphate acyltransferase (24) and diacylglycerol acyltransferase (22) . On the other hand, high concentrations of both ammonium ion (125 mM) and H 2 O 2 (1-2 mM) are required for maximal synthase activity. Nevertheless, these concentrations may be biological within the localized compartment or environment where cytochrome c mediates oleamide production. It is also possible that ammonia is not the natural source of the amidating nitrogen in vivo. To date we have not identified an alternative nitrogen donor for the generation of oleamide; however, mechanisms requiring additional enzymatic components may operate in vivo for the transfer of amidating nitrogen from donors such as arginine, glutamine or glutamate (25, 26, 27) . Additionally, both ammonia and H 2 O 2 fail to demonstrate saturating kinetics, but rather become inhibitory above their optimal concentrations. The underlying mechanistic reasons for these observations are currently unknown; however, for H 2 O 2 , oxidative damage to the protein is a possibility. Finally, we have observed that the turnover rate for the reaction is notably slow. Under the most favorable conditions examined, the enzyme maximally generates product at the rate of 1 -sec . Additional experiments are required to assess whether this is indeed the nature of the reaction or if possibly there are other factors missing from the in vitro assay.
The precise mechanism by which cytochrome c catalyzes the synthesis of oleamide remains to be determined; however, several considerations may be raised based upon the information in hand. First, the reaction displays Michaelis-Menten kinetics with respect to oleoyl CoA, indicating a discrete substrate binding component to the reaction mechanism (28). In this regard, Stewart and coworkers have documented the binding of long chain fatty CoA esters to cytochrome c in the absence of catalysis (29). Second, binding of oleoyl CoA to cytochrome c may place the thioester adjacent to the heme center such that the iron could accept an electron in the reaction mechanism. In this manner Fe +3 would be reduced to Fe +2 . Third, the role of H 2 O 2 in such a mechanism would be to reoxidize the iron of cytochrome c, a reaction which has been documented to occur in mitochondria (30, 31, 32) . And fourth, it is likely that ammonia and not ammonium ion participates in the reaction and therefore it is possible that basic residue(s) adjacent to the active site facilitate the transition of ammonium ion to ammonia for nucleophilic attack at the thioester bond to produce oleamide. It is intriguing that cytochrome c, superoxide dismutase and long chain fatty acyl CoA binding protein co-purify through the scheme employed here. This raises the possibility that these proteins, and perhaps others, could form a distinct structural complex for the biosynthesis of oleamide and other long chain primary fatty acid amides. The demonstration that cytochrome c is capable of catalyzing the synthesis of oleamide under experimental conditions raises the possibility that cytochrome c may mediate the formation of oleamide in vivo.
Cytochrome c has been recognized traditionally as an essential component of the electron transport chain supporting oxidative phosphorylation at the inner mitochondrial membrane (for review, see 33). Additionally it is well documented that cytochrome c plays a central role in specific early events of programmed cell death, or apoptosis (for review, see 34). More recently, additional functions for cytochrome c, as an enzyme, are becoming established with reports of its actions as a cardiolipin and phosphatidylserine oxygenase (reviewed in 35). Oxidation of these phospholipids by cytochrome c is now recognized as an early and necessary event in the apoptotic program (36) . Also, as noted above, cytochrome c exhibits peroxidase activity towards H 2 O 2 (30, 31, 33, 37) . This report is the first to document the ability of cytochrome c to catalyze the biosynthesis of a long chain primary fatty acid amide. While the extent to which cytochrome c is responsible for the generation of oleamide in vivo is presently unknown, it is intriguing that a major reported cellular action for oleamide is inhibition of gap junction communication (7, 8) . Transmission though gap junctions can generate an apoptotic wave whereby death signals may be spread across a cellular network to healthy cells (38, 39, 40) . Inhibiting gap junction transmission, therefore, could limit the destructive spread of an apoptotic wave. Accordingly, H 2 O 2 generated by superoxide dismutase early in apoptosis might actually protect neighboring cells by enabling the synthesis of oleamide by cytochrome c. Prototype experiments conducted in our laboratory using cultured HeLa cells and staurosporine to induce apoptosis indicate that oleamide synthesis is indeed up regulated in this paradigm (Mueller and Driscoll, unpublished observations).
Separately, high concentrations of immunoreactive cytochrome c have been reported in secretory granules of the anterior pituitary gland and exocrine pancreas (41) .
This subcellular localization raises the possibility that cytochrome c may also generate oleamide for regulated secretion and intercellular communication. In this context, oleamide may serve physiologic processes involved in the control of sleep (3,4,5), thermoregulation (5,9,10) and nociception (9) .
The mechanism for oleamide biosynthesis has been the subject of investigation since 1995 when it was reported to accumulate in the cerebral spinal fluid of sleep deprived cats and to produce a profound sleep-like state when administered into rodents (4). Merkler and coworkers first demonstrated that the peptide alpha-amidating enzyme, peptidylglycine alpha-amidating monooxygenase (PAM), is capable of catalyzing the in vitro formation of myristamide from myristoylglycine (15) , similar to its role in generating amidated peptides from their respective glycine-extended precursors (16) . More recently, these investigators reported the PAM-dependent formation of oleamide from oleic acid with evidence of oleoylglycine serving as an intermediate in the N 18 TG 2 neuroblastoma cell line (17) . The findings reported here, therefore, raise the possibility that oleamide may also be produced physiologically by a second, or alternative, mechanism catalyzed by cytochrome c. Furthermore, we have found that cytochrome c will also catalyze the formation of selected long chain fatty acyl amino acids, most notably Noleoylglycine (42). It is possible, therefore, that the generation of oleamide in vivo involves the sequential actions of cytochrome c, to produce oleoylglycine, and PAM to convert oleoylglycine to oleamide. Finally, it should be noted that we have documented the formation of anandamide by cytochrome c from arachidonoyl CoA and ethanolamine (Mueller and Driscoll unpublished findings). Collectively, these findings suggest that cytochrome c could play a central role in a novel pathway for the generation of several classes of lipid signaling molecules.
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Mueller Oleamide synthesizing activity from heated rat kidney extract was prepared and purified through HPLC as described in "Experimental Procedures." Assays were performed with 1. reaction product generated by tissue synthase activity and spiked with 62.5 nmol of cold oleamide carrier prior to HPLC purification. Fig. 4 . Identification of oleamide synthesizing activity in rat kidney extract as cytochrome c. A, HPLCpurified rat kidney oleamide synthesizing activity was prepared and treated with thermolysin. The digest was subjected to reverse phase HPLC, and fractions were assayed for oleamide synthesizing activity (cross-hatched bars). B, silver-stained polyacrylamide gel showing the crude heated kidney extract (lane 1), the HPLC-purified activity prior to thermolysin digestion (lane 2), the same fraction after digestion (lane 3) and HPLC fractions collected in panel A (lanes 4-9) . The locations of molecular weight markers are indicated on the left of panel B and the Roman numerals and arrows on the right demark the bands in lanes 6 and 7 taken for peptide mass fingerprinting identification. C, Activities for palmitoyl CoA affinity chromatography. Affinity chromatography was performed in a "batch" format using HPLCpurified rat kidney oleamide synthesizing activity as described in This preparation (200 uL) was subjected to HPLC fractionation, collected, lyophilized and reconstituted in the same volume of 10 mM Tris, pH 7.4. Aliquots of the HPLC-purified cytochrome c were treated with proteolytic enzymes as described in "Experimental Procedures." Alternatively, an aliquot of the sample was placed in a boiling water bath for 5 min and then cooled on ice. Assays were performed using 400 ng of protein. by guest on November 19, 2017 
